Abstract-The concept of microgrid hierarchical control is presented, recently. In this paper, a hierarchical scheme which includes primary and secondary control levels is proposed for islanded microgrids. 
INTRODUCTION
Voltage unbalance can result in adverse effects on equipment and power system. Under unbalanced conditions, the power system will incur more losses and be less stable. Also, voltage unbalance has some negative impacts on equipment such as induction motors, power electronic converters and adjustable speed drives (ASDs). Thus, the International Electrotechnical Commission (IEC) recommends the limit of 2% for voltage unbalance in electrical systems [1] . A major cause of voltage unbalance is the connection of unbalanced loads (mainly, single-phase loads connection between two phases or between one phase and the neutral).
Compensation of voltage unbalance is usually done using series active power filter through injection of negative sequence voltage in series with the power distribution line [2] - [4] . However, there are a few works [5] - [8] based on using shunt active power filter for voltage unbalance compensation. In these works, voltage unbalance caused by unbalanced load is compensated through balancing the line currents.
On the other hand, it is well-known that the Distributed Generators (DGs) often consist of a prime mover connected through an interface converter (e.g. an inverter in the case of dc-to-ac conversion) to the ac power distribution system.
The distribution system may be the utility grid or the local grid formed by a cluster of DGs which is called microgrid. The main role of DG inverter is to adjust output voltage phase angle and amplitude in order to control the active and reactive power injection. In addition, compensation of power quality problems, such as voltage unbalance can be achieved through proper control strategies. In [9] - [12] , some approaches are presented to use the DG for voltage unbalance compensation.
A method for voltage unbalance compensation through injection of negative sequence current by the DG has been proposed in [9] . By applying this method, line currents become balanced in spite of the unbalanced loads presence. However, under severely unbalanced conditions, a large amount of the interface converter capacity is used for compensation and it may interfere with the active and reactive power supply by the DG.
The approach presented in [10] is based on controlling the DG as a negative sequence conductance to compensate the voltage unbalance at the microgrid DGs output. In this approach which is implemented in the synchronous (dq) reference frame, compensation is done by generating a reference for negative sequence conductance based on the negative sequence reactive power. Then, this conductance is applied to produce the compensation reference current.
In [11] some improvements are made to the approach of [10] . Also, it is noteworthy that the control system of [11] is completely designed in stationary (αβ) reference frame. A similar control structure is applied for a grid-connected DG [12] , where a PI controller is used to follow the reference of voltage unbalance factor.
The methods proposed in [10] - [12] are designed for compensation of voltage unbalance compensation at the DG terminal, while usually the power quality at the load bus (LB) is the main concern; since, sensitive loads maybe connected to LB. Thus, in this paper the concept of microgrid secondary control [13] is applied to compensate the voltage unbalance at LB in an islanded microgrid. Also, restoration of LB voltage amplitude and microgrid frequency to the rated values is considered in the control structure.
Proportional-integral (PI) controllers are used to generate the reference control signals at the central secondary controller. These references are sent to DGs local controllers by low band-width communication (LBC). II. MICROGRID HIERARCHICAL CONTROL SCHEME According to [13] microgrid hierarchical control structure is organized in three-levels: primary, secondary and tertiary. The primary consists of DGs local controllers. In the present paper, the local controller of each DG comprises voltage and current controllers, virtual impedance loop and active/reactive power droop controllers.
In [13] the secondary control level is conceived to restore the DG output voltage frequency and amplitude deviations produced by the droop controllers and output impedances. Since, the main focus of the present paper is the voltage quality at LB; the responsibilities of the secondary controller are considered as follow:
• Microgrid frequency restoration • LB voltage amplitude restoration • LB voltage unbalance compensation The tertiary control level of [13] regulates the power flow between the grid and the microgrid. Since, in the present paper the microgrid is operating in islanded mode, this control level is not considered.
The proposed hierarchical control structure is shown in Fig. 1 . As seen, the local controller of each DG generates the gate signals for the interface inverter. The details are provided in the next section.
The secondary controller can be far from DGs and LB. Thus, a communication medium is necessary to send the LB voltage and microgrid frequency information to this controller. Also, the control signals for voltage unbalance compensation (UCR dq : Unbalance Compensation Reference), voltage amplitude restoration (E res ) and frequency restoration (ω res ) are sent by communication to the DGs local controllers at primary level. In order to ensure that LBC is sufficient, the transmitted data should be approximately dc signals.
As seen in Fig. 1 Also, according to Figs. 1 and 2, ω is sent to the secondary controller through LBC and then, compared with the rated angular frequency (ω 0 =100π). The error is fed to a PI controller which generates the frequency restoration signal (ω res ). As shown in Fig. 3 , ω res is fed to the DG active power droop controller to compensate the frequency drop caused by this controller.
On the other hand, positive sequence voltage amplitude is compared with the rated amplitude ( 0 230 3 dq E = in dq frame) and using a PI controller, E res is generated and then transmitted through LBC. As shown in Fig. 3 , E res is fed to the DG reactive power droop controller. This way, the voltage drop caused by the reactive power droop controller, output impedance and distribution lines impedance between DG and LB is compensated. More details on frequency and amplitude restoration can be found in [13] .
III. PRIMARY CONTROL LEVEL
As shown in Fig. 3 , the voltage controller follows the references generated by power controllers and secondary level and generates the reference for the current controller. The output of the current controller is transformed back to abc frame to provide three-phase voltage reference for the pulse width modulator (PWM). Finally, the PWM block controls the switching of the inverter based on this reference. More details are provided in the following Subsections.
v dq 
A. Active and Reactive Power Control
Considering a DG which is connected to the grid through a mainly inductive impedance X∠90°, the active and reactive powers injected to the grid by the DG can be approximated as follows [14] , [15] :
Thus, active and reactive powers can be controlled by the DG output voltage phase angle and amplitude, respectively. According to this, the following droop characteristics are considered for the positive sequence active and reactive power sharing among the DGs of an islanded microgrid: (3) acts as a proportional-derivative controller for frequency. The derivative terms (m p ) helps to improve the dynamic behavior of the power control [14] . It is noteworthy that according to the equations (3) and (4), no integral term is considered for voltage frequency and amplitude control. When the microgrid is operating in islanded mode (the case considered in this paper) the use of pure integrators is not allowed, since the total load will not coincide with the total injected power, and it leads to instability [13] , [16] .
As it can be seen in Fig. 3 (3) and (4). The details of power calculation are presented in the next Subsection.
B. Power Calculation
Based on the instantaneous reactive power theory [17] , the instantaneous values of active and reactive powers should be calculated using equations (5) and (6), respectively:
Each of the instantaneous powers calculated using (5) and (6) consists of dc and ac (oscillatory) components. The dc components (average values of p and q ) are positive sequence active and reactive powers (P + and Q + , respectively) [18] . The oscillatory parts are generated by the unbalance and/or harmonic contents of the voltage and current.
The dc components are extracted using two 1 st order low pass filters. The cut-off frequency of these filters is set to 2Hz.
C. Virtual Impedance Loop
Addition of the virtual resistance makes the oscillations of the system more damped [14] . In contrast with physical resistance, the virtual resistance has no power losses, and it is possible to implement it without decreasing the efficiency.
The virtual inductance is considered to ensure the decoupling of P and Q. Thus, virtual impedance makes the droop controllers more stable [19] .
The virtual impedance can be achieved as shown in Fig.  4 , where R v and L v are the virtual resistance and inductance values, respectively [20] . As shown in Fig. 3 , only positive sequence current is passing through virtual impedance. In this way, increase of DG output voltage unbalance due to the negative sequence voltage drop on the virtual impedance will be avoided. Positive sequence is extracted according to [21] and [22] .
D. Voltage and Current Controllers
Due to the difficulties of using proportional-integral (PI) controllers to track non-dc variables, proportional-resonant (PR) controllers are usually preferred to control the voltage and current in stationary reference frame [23] . In this paper, PR voltage and current controllers are as (7) and (8) (8) where, k pV (k pI ) and k rV (k rI ) are the proportional and resonant coefficients of the voltage (current) controller, respectively. Also, ω cV and ω cI represent the voltage and current controller cut-off frequencies, respectively.
IV. SIMULATION RESULTS
The islanded microgrid of Fig. 5 is considered as the test system. This microgrid includes two DGs with power stage and control system shown in Fig. 1 . The parameters of power stage and control system are listed in Tables I-III. Switching frequency of the DGs inverters is set to 10 kHz. As seen in Fig. 5 , a single-phase load is connected between phases "a" and "b" which causes voltage unbalance. A balanced star-connected three-phase load is also connected to load bus. In this Frequency and amplitude restoration are activated at t=2sec. Then, unbalance compensation starts acting from t=3.5sec. VUF * is set to 0.5%. As shown in Fig. 6 , VUF of LB follows the reference value, properly. Also, it can be seen that the improvement of LB voltage quality is achieved by making the DGs output voltage unbalanced. Due to less line impedance between DG 2 and the LB; its VUF is increased a little more. Fig. 7 shows three-phase voltages at LB and DGs terminal. As seen, as a result of amplitude restoration and unbalance compensation, the amplitude of LB voltage is increased and its unbalance is compensated, effectively; while the DGs output voltages become unbalanced.
The variations of microgrid frequency and LB rms voltage can be observed in Figs. 8(a) and 8(b) , respectively. It can be clearly seen that the frequency and LB voltage are properly regulated to the rated values and the unbalance compensation doesn't interfere with the restoration.
Sharing of P + and Q + is shown in Fig. 9 . As seen, in spite of asymmetrical distribution lines ( 1
) active and reactive powers are shared properly between the DGs. Also, as expected, due to frequency and amplitude restoration, active and reactive powers are increased. Furthermore, it can be seen that unbalance compensation doesn't change the positive sequence power sharing; since, the compensation is acting over negative sequence. 
